mal stem cells (MSCs) are broadly distributed cells that retain postnatal capacity for selfrenewal and multilineage differentiation. MSCs evade immune detection, secrete an array of anti-inflammatory and anti-fibrotic mediators, and very importantly activate resident precursors. These properties form the basis for the strategy of clinical application of cell-based therapeutics for inflammatory and fibrotic conditions. In cardiovascular medicine, administration of autologous or allogeneic MSCs in patients with ischemic and nonischemic cardiomyopathy holds significant promise. Numerous preclinical studies of ischemic and nonischemic cardiomyopathy employing MSC-based therapy have demonstrated that the properties of reducing fibrosis, stimulating angiogenesis, and cardiomyogenesis have led to improvements in the structure and function of remodeled ventricles. Further attempts have been made to augment MSCs' effects through genetic modification and cell preconditioning. Progression of MSC therapy to early clinical trials has supported their role in improving cardiac structure and function, functional capacity, and patient quality of life. Emerging data have supported larger clinical trials that have been either completed or are currently underway. Mechanistically, MSC therapy is thought to benefit the heart by stimulating innate anti-fibrotic and regenerative responses. The mechanisms of action involve paracrine signaling, cell-cell interactions, and fusion with resident cells. Trans-differentiation of MSCs to bona fide cardiomyocytes and coronary vessels is also thought to occur, although at a nonphysiological level. Recently, MSC-based tissue engineering for cardiovascular disease has been examined with quite encouraging results. This review discusses MSCs from their basic biological characteristics to their role as a promising therapeutic strategy for clinical cardiovascular disease.
I. INTRODUCTION
Heart disease is the leading cause of death for both men and women in the United States and even worldwide (248) . Ischemic heart disease (IHD), specifically coronary artery disease, is the most common type of heart disease and a major contributor to IHD-related morbidity and mortality (248) . Following insults to the myocardium, left ventricular remodeling occurs with a subsequent decrease in myocardial function and efficiency (276) . The fundamental driving force of cardiac remodeling is the formation of myocardial scar tissue that replaces the necrotic myocardium injured by an ischemic insult (139) . Noncontractile fibrosis leads to infarct expansion and extension (386) , processes that drive the formation of a spherical shape to the ventricle (86, 91). Such cardiomyopathies, either ischemic or nonischemic in nature, can lead to heart failure and cause a marked deterioration in patients' quality of life and functional capacity (276) . Although advances in medicine and surgery have lowered cardiovascular disease mortality, they merely serve as transient "delayers" of an inevitably progressive disease process that carries significant morbidity (238) .
The concept of stem cell use as a therapeutic strategy for cardiovascular disease initially emerged in animal studies over 2 decades ago (231) and in clinical trials 10 years later (53, 138) . Due to the heart's limited self-regenerative capacity, investigators have attempted to identify an "optimal"
cell-based therapy to assist in myocardial self-repair and restoration of cardiac function.
A number of cell-based strategies are being explored for cardiac regeneration. Generally, they are classified under two major categories: 1) those aiming at directly remuscularizing the myocardial scar or 2) those targeting endogenous mechanisms of repair (143) .
The first category includes myocardial transplantation of cell types with unequivocal myogenic ability, such as uncommitted induced pluripotent stem cells (iPSC) or embryonic stem cells (ESC) (22) , iPSC/ESC-derived human cardiomyocytes (61, 97, 304, 405) , or ESC/iPSC-derived cardiomyocyte precursors (97, 240, 405) . Gene therapy-based approaches aiming at converting scar tissue fibroblasts into cardiomyocyte-like cells (288, 340) or forcing massive dedifferentiation and proliferation of surviving cardiomyocytes (68, 95) are also under consideration, although still far from clinical application due to concerns over safety and technical feasibility (87). Importantly, technological advancements have made the ex vivo manufacturing of transplantable cardiac cell products with unequivocal capacity to form contractile human myocardium clinically feasible and has been successfully applied in preclinical animal models of cardiac remuscularization (61, 97, 304) . However, further studies are needed for optimizing this strategy to enhance functional recovery, since some of the existing experiments regarding long-term engraftment of bona fide human myocardium have not definitively shown recovery of heart function (61, 97, 99, 143, 304) . For example, ex vivo tissue engineering approaches, whereby human cardiomyogenic cells are combined with mesenchymal stem cells (MSCs), vasculogenic cells (42, 60, 405) , and/or neurons (224, 389) may be required prior to engraftment, for meaningful cardiac regeneration.
The second category includes adult, undifferentiated progenitor cells such as bone marrow mononuclear cells (BMCs) (147, 260, 318, 396) , MSCs (11, 119, 137) , and resident adult cardiac progenitors (CPCs) (62, 228) . Although most of these cell types entered the clinical arena based on the hypothesis that they possessed myogenic differentiation capacity (191) , further mechanistic studies revealed critical contributions of their anti-inflammatory and antifibrotic properties, as well as stimulation of endogenous cardiovascular progenitor and cardiomyocyte proliferation cell programs (144, 219, 229, 291, 349) . Nonetheless, genetic lineage-fate mapping studies show that, under the proper conditions, endogenous CPCs (145, 348, 368) , and to a smaller extent BMCs (289, 396) and MSCs (60, 144, 290) produce new cardiomyocytes in the postnatal heart, albeit at a functionally insignificant level. Paradoxically, compared with ESC/iPSC-based strategies, engraftment of MSCs and CPCs is lower but leads to significant heart regeneration and recovery of heart function (62, 97, 119, 137, 143, 144, 147, 174, 175, 228, 229, 284, 290, 321, 322, 385) . Ex vivo tissue engineering approaches, whereby MSCs are combined or fused with adult human CPCs (175, 291, 392) , ESC/iPSC-derived CPCs (42) , endothelial progenitors (417) , and possibly neurons (224, 389) may improve long-term engraftment and/or differentiation of the adult cell grafts and therefore lead to a meaningful level of myocardial regeneration and functional recovery.
Compared with the cell sources discussed above, MSCs are particularly attractive for cardiac regenerative cell-based therapy as well as many other disease processes (44, 118, 200, 263, 284, 365) , for a number of reasons. They are easy to isolate and amplify from multiple sources, including the bone marrow (277) and the heart itself (60); they hold unequivocal postnatal multilineage potential; and are immunotolerant permitting its use as an allogeneic "off-theshelf" product, either alone or in combination with other cells (42, 175, 392) .
In this review, we discuss the biology, mechanisms of action, reparative effects, preclinical and clinical data, and potential utilization of MSCs for cardiovascular disease.
II. UNDERSTANDING AND DEFINING THE MESENCHYMAL STEM CELL
In 1970, Dr. A. J. Friedenstein and colleagues (104) identified a rare population of plastic adherent bone marrow (BM) stromal cells. Further characterization indicated that this population comprises ϳ0.01% of nucleated BM cells, which are now commonly referred to as MSCs. Friedenstein et al. demonstrated that these cells resembled fibroblasts and formed single-cell colonies, hence calling them colonyforming unit fibroblasts (CFU-Fs). Furthermore, they were easily expandable and were capable of differentiating into mesenchymal tissue types, highlighting their crucial role in regulating the hematopoietic niche (105). However, because methods of isolation, expansion, and characterization of these cells have varied among investigators over the last several decades, study outcome measurements have been rather complex to compare thus hampering progress in the field of cell therapy. In response to this need, the 2006 International Society for Cellular Therapy proposed that the minimal criteria for defining an MSC are (82) 1) plastic adherence under standard culture conditions; 2) expression of CD105, CD73, and CD90 but not CD45, CD34, CD14 or CD11b, CD79␣ or CD19, or HLA-DR surface markers; and 3) retain in vitro multilineage differentiation capacity into osteoblasts, chondroblasts, and adipocytes. Importantly however, these criteria may not all apply to MSCs derived from all species as the process of culturing and expanding can differ between them (269) . Nevertheless, human MSCs are considered true stem cells due to their ability of self-replicate while maintaining their multipotent potential, as well as their multilineage differentiation capacity into mesoderm-derived tissues (277) .
III. SOURCES AND TYPES
MSCs are ubiquitously found throughout the human body and can be derived from multiple organ systems including, but not limited to, bone marrow, heart, peripheral blood, adipose tissue, placenta, and umbilical cord (142) . Of all tissue types, bone marrow and adipose tissue remain the most common studied sources of MSCs. MSCs can be easily harvested in large quantities from these tissue types, rendering them as rather appealing sources (173) . Of note, much controversy still exists as to whether adipose tissue-derived cells are bona fide MSCs (59) .
Neonatal and fetal tissue-derived MSCs have been used in preclinical models of heart failure and have demonstrated a lower immunogenic profile (27) . Isolation of fetal MSCs from amniotic fluid has demonstrated that they have a similar phenotype and lineage capacity as postnatal MSCs (161) . These amniotic fluid-derived MSCs (AFMSCs) have excellent in vitro expansion potential as well as multipotent differentiation capability (273) . Compared with conventional MSCs, AFMSCs are thought to express the transcription factors Oct-4, Nanog, and stage-specific embryonic antigen-4 (SSEA-4) (312) . Furthermore, AFMSCs express similar immunologic features, such as HLA-A, -B, and -C (MHC Class I), as MSCs from other organ tissues, including bone marrow (360) . MSCs derived from umbilical cord blood and umbilical cord cells have also been used in the context of human cardiac disease (401) and cardiovascular tissue engineering (37), yet their isolation can be difficult (31, 179).
Peripheral blood has been shown to harbor MSCs as well as mesenchymal progenitor cells (MPC), a subpopulation which shares many of the same phenotypic features as MSCs (423) . MPCs can also be isolated from bone marrow aspirate (336) . Although MPCs share some common CD surface markers as MSCs, they additionally express a number of embryonic markers specific to an early level of differentiation including SSEA-4, TRA-1-81, and Oct-3/4 (274) . MSC-like cells found in cardiac tissue have been used in cardiac regenerative medicine, although they do not completely meet all definition requirements of an MSC (151) . Additionally, these cells have not been popularized in the clinical setting due to their limited tissue availability (21) .
IV. CULTURE AND EXPANSION
The ex vivo propagation of MSCs is a three-step process: 1) separation of nucleated cells from nonnucleated cells by Percoll or Ficoll density gradient centrifugation, 2) adherence of cells to plastic tissue culture flasks, and 3) passaging of adhered MSCs via trypsinization (201) . Mononuclear cell (MNC) enrichment is first achieved by fractionating samples obtained from bone marrow, cord blood, or peripheral blood using density gradient centrifugation. Enriched MNCs are then resuspended in culture medium containing appropriate quantities of fetal bovine serume (FBS), or FBS substitutes, and allowed to adhere to plastic culture flasks for 2 days. Subsequently, culture medium is replaced with fresh medium to remove nonadherent cells. Remaining adherent cells are allowed to grow for the next 2-3 wk with periodic medium change. Initially, by 5-7 days after primary culture, fibroblastlike cells and small round-shaped cells (monocytes) are found in the heterogeneous adherent cell layer of the culture flasks and form colonies. After trypsinization, these cells are subcultured and begin to appear more uniformly spindle shaped. After two to three passages, MSCs are ready to be cryopreserved. To confirm their phenotypic characterization, monoclonal antibodies against specific cell-surface markers are used to perform fluorescence-activated cell sorting (FACS) analysis (FIG-URE 1 ). Typically, a 10 ml bone marrow aspirate sample can generate ϳ50 -400 million MSCs (277).
V. REGULATION OF MSC DIFFERENTIATION

A. Osteogenesis, Chondrogenesis, and Adipogenesis
Human bone marrow-derived MSCs exposed to dexamethasone, ascorbic acid, and ␤-glycerol phosphate can be induced to differentiate into osteogenic cells as determined by morphology, expression of alkaline phosphatase, alteration of osteocalcin mRNA production, reactivity with anti-osteogenic cell surface antibodies, and formation of a mineralized extracellular matrix (FIGURE 2) (38, 165). Micro-RNA analysis suggests that modulation of specific micro-RNAs (miRNAs), which either inhibit or stimulate target mRNAs, govern the early osteogenic differentiation of human MSCs (319) . MSCs can be stimulated to differentiate into a chondrogenic phenotype when cultured in the presence of dexamethasone and transforming growth factor-␤ 3 (TGF-␤ 3 ) (223). With dexamethasone being a common denominator in the MSC osteogenic-chondrogenic-adipogenic differentiation axis, combining it with insulin, indomethacin, and 1-methyl-3-isobutylxanthine can cause MSC adipogenesis and expression of peroxisome proliferator-activated receptor (PPAR)-␥ (77). Furthermore, culture-expanded MPCs have been shown to serve as precursors for mesenchymal tissues including bone, cartilage, and lung parenchyma when infused intravenously (270) .
Various mediators participate in balancing MSC lineage differentiation. In this regard, vascular endothelial growth factor (VEGF) regulates the balance between MSC osteoblastogenesis and adipogenesis, with reduced expression of VEGF resulting in greater MSC differentiation into adipocytes (218) . This regulation mechanism involves transcription factors RUNX2, PPAR-␥2, and nuclear envelope proteins lamin A/C. Similarly, Cao et al. (44) found PPAR-␥ to be an essential "equilibrator" between osteogenesis and adipogenesis. The study showed that S-nitrosoglutathione reductase (GSNOR)-deficient mice had higher levels of S-nitrosylated PPAR-␥ and hence reduced adipogenesis with increased osteoblastogenesis, compared with wild-type mice (44) . Increased levels of S-nitrosylated PPAR-␥ decrease its binding affinity to fatty acid-binding protein 4 (FABP4), its target promoter, and result in inhibition of PPAR-␥ transcriptional activity through a negative-feedback mechanism (44) (FIGURE 3) .
B. Cardiomyogenesis
Differentiation of MSCs into cardiomyocytes has been demonstrated both in vivo and in vitro. In vitro exposure of MSCs to the DNA methyltransferase 5-azacytidine (5-Aza) induces cardiomyogenic differentiation (60, 226) , characterized by the expression of myocardial-specific proteins and formation of myotubes (358) . Similarly, exposure of MSCs to growth factor cocktails containing bone morphogenetic protein-2 (BMP-2) and fibroblast growth factor-4 (FGF-4), or insulin, steroids (dexamethasone), and antioxidant supplements can also result in differentiation into cardiomyocyte-like cells (332, 408) . Furthermore, coculture of bone marrow-derived MSCs with ventricular myocytes creates a conditioned medium that allows for MSC differentiation into cardiomyocytes with expression of sarcomeric ␣-actinin, desmin, cardiac troponins, SERCA2, and ryanodine receptor (208) . Differentiated bone marrow-derived MSCs exhibit ␣-actinin positivity, express cardiac transcription factors, and form gap junctions with native myocytes when cocultured together; however, differentiation into cardiomyocytes does not commence when they are separated from ventricular myocytes by a semipermeable membrane (399) .
Of note, an important limitation in these studies is that there is little information regarding the potential mechanisms through which they induce cardiomyocyte differentiation of MSCs. For example, it is unclear whether 5-Aza specifies MSCs to a cardiomyocytic lineage, or may be ectopically inducing cardiomyocyte differentiation due to random, hypomethylation-induced, transcription of cardiac specific genes (310) . In vivo studies have demonstrated the ability of MSCs to differentiate into cardiac muscle-like when transplanted into damaged myocardial tissue (171, 378) . When human MSCs were transplanted into fetal sheep early in gestation, MSCs remained engrafted up to 13 years and differentiated into cardiomyocyte-like cells, as well as site-specific myocytes, chondrocytes, and adipocytes (212) . Sex-mismatched transplantation of male porcine MSCs in female swine with chronic (290) or acute (144) experimental myocardial infarction have unequivocally demonstrated the long-term engraftment and cardiomyocyte differentiation of MSCs, through the identification of Y-chromosome bearing cardiomyocytes within the female myocardium (FIGURE 4). In addition, Cre-LoxPbased genetic lineage fate-mapping studies in mice have identified a platelet-derived growth factor receptor, alpha polypeptide (Pdgfra) ϩ MSC lineage of mesodermal origin residing within the embryonic and adult heart, as a source of bona fide cardiomyocytes in response to myocardial damage (60) . Intriguingly, a similar approach recently illustrated that the adult bone marrow likely contains more than one Pdgfra ϩ MSC lineages: a mesodermderived that participates in skeletogenesis, and a neural crest-derived lineage that establishes the hematopoietic stem cell niche (162) . Further studies are needed to determine whether a lineal relationship exists between the Pdgfra ϩ resident cardiomyogenic MSCs and the bone marrow MSCs.
Collectively, these findings indicate that, although MSCs are not a major cellular source for cardiomyocytes, they are capable of differentiating into cardiomyocytes under proper conditions.
C. Endothelial and Vascular Smooth Muscle Differentiation
Treating MSCs with VEGF and fetal calf serum supports their differentiation into endothelial cells measured by the expression of endothelial-specific markers, including kinase insert domain receptor (KDR), FMS-like tyrosine kinase (FLT)-1, and von Willebrand factor (261) . Notably, these cells can form capillary-like structures in vitro, which may be an important indicator of angiogenic potential (261, 290 FIGURE 5 ). Vascular smooth muscle differentiation has been associated with TGF-␤-induced activation of Notch ligand and signaling (190) . Interestingly, subpopulations of MSCs that highly express CD146 are strongly associated with lineage commitment towards vascular smooth muscle cells (93). Using a murine model, investigators were able to regenerate all three layers of the vascular wall by induction of MSCs together with recombinant human-BMP-2 (rh-BMP-2) seeded on a vascular patch, which promoted tubelike formation 90 days following aortic implantation (25) .
D. Nonmesenchymal Tissue Differentiation
MSCs are a heterogeneous population of multipotent cells, ontogenically related to both mesodermal and neuroectodermal lineages (36, 162, 251). As such, they have been documented to differentiate into a variety of tissues. Skeletal muscle MSC differentiation has been reported with the strongest potential observed among adiposederived MSCs, compared with bone marrow-derived MSCs, using cultured cell media containing human satellite cell cultures mixed with MSC growth medium (347) . Importantly, the Pax3 and Pax7 genes are required for myogenic commitment and expressed by MSCs during skeletal muscle differentiation (50 fluxes, potassium-induced calcium fluxes, and express ␤-myosin heavy chain and desmin (400).
Human and rat MSCs can be induced to differentiate into neurons through an incompletely understood approach involving their exposure to ␤-mercaptoethanol (BME), Dulbecco's modified Eagle's medium (DMEM), and dimethylsulfoxide (DMSO) (395) . These cells exhibit neuronal properties and expression of neuron-specific enolase (NSE) and neurofilament-M (33, 395). MSCs injected into the lateral ventricle of neonatal mice were found to migrate throughout the forebrain and cerebellum 12 days after injection. Importantly, these cells were capable of differentiating into mature astrocytes, expressing glial fibrillary acidic protein, and neurons expressing neurofilament protein (185) . Engraftment of fractionated human MSCs into rat livers demonstrated differentiation of human MSC xenografts into hepatocyte-like cells as evidenced by the presence of human-specific alpha-fetoprotein (AFP), albumin, asialoglycoprotein receptor (AGPR), and cytokeratins 18 and 19 (315) . This differentiation potential has been suggestively attributed to MSC gene reprogramming (315) and can be accelerated by promoting the mesenchymal-to-epithelial (MET) transition through inhibition of Ras-related C3 botulinum toxin substrate 1 (Rac1) (353) .
MSCs have also been shown to acquire an epithelial cell phenotype in various tissues such as intestine (98, 324), lung (241) , and esophagus (172) . These processes are mediated by protein substrate-MSC interactions (241) and even cell fusion with native epithelial cells (98). Infusion of human bone marrow-derived MSCs into mice with radiation-induced gastrointestinal tract failure leads to rapid recovery of small intestinal structure and function by prevention of apoptosis and enhancement of endogenous repair and proliferation (324 (140) . FIGURE 6 provides a schematic summary of the regulation of MSC differentiation.
E. Wnt and TGF-␤ Pathways
Although many signaling pathways have been implicated in MSC differentiation, the Wnt canonical pathway and the TGF-␤ superfamily pathway are the most widely studied (13) (FIGURE 7). The Wnt family comprises 19 genes that produce secreted lipid-modified glycoproteins involved in regulating osteogenesis in vivo by acting directly on MSCs (217) . This signaling pathway, through a series of intracellular events, is involved in modulation of osteoblast proliferation and survival (388 pathways such as FGF (235), PDGF (125) , and epidermal growth factor (EGF) (188) also participate in regulating MSC differentiation via interactions with the Wnt and TGF-␤ pathways (13) .
VI. IMMUNOLOGY OF MSCs
MSCs exert both immunomodulatory and immunosuppressive activity, and this is demonstrated both in vitro and in vivo (4, 26, 65, 80, 101, 169, 196, 216, 222, 246, 247, 292, 294, 296 -298, 323, 341, 343, 344, 361, 363, 411, 416 
A. Innate Immunity
Neutrophils, the most abundant white blood cell type, are essential to the innate system as one of the initial responders to, particularly, bacterial infection and/or injury. They rapidly mobilize to sites of inflammation and are activated to degrade bacterial microorganisms through the respiratory burst, a quick release of reactive oxygen species (363) . MSCs have the capability of attenuating the respiratory burst and protecting both resting and activated neutrophils from spontaneous apoptosis via an IL-6 pathway (292) (FIG-URE 8 ).
Dendritic cells are antigen-presenting cells that specialize in presenting naive T-cells with antigens after induction by proinflammatory cytokines. While the expression of MHC class I and II cell-surface markers (including CD11c and CD83), and other costimulatory molecules are increased upon dendritic cell maturation, they are downregulated in the presence of MSCs, thus weakening dendritic cell function (363) . MSCs have also been found to prevent maturation of hematopoietic stem cells as well as immature monocytes into dendritic cells (169, 294) . Furthermore, production of tumor necrosis factor (TNF)-␣, a strong proinflammatory molecule, by dendritic cells is reduced by MSCs (4) (FIGURE 8).
Natural killer (NK) cells also play an important role in the innate immune system, specifically in antiviral and antitumor immune activity, through cell lysis and cytokine release. Cytolytic activity is based on activating and inhibitory surface receptors on the NK cells that recognize specific target-cell ligands (247) . MSCs decrease expression of certain NK-cell surface activating receptors leading to a suppressed inflammatory state (FIGURE 8). The ability of resting NK cells to proliferate and produce IFN-␥ after in vitro culture with IL-2 or IL-15 is diminished in the presence of MSCs (343) . Alternatively, cytokine-activated NK cells target and destroy autologous and allogeneic MSCs, which can be partially rescued with the addition of IFN-␥ (341, 344).
With respect to cardiac immunology, following an acute myocardial infarction (MI), two major subtypes of macrophages are found in the heart: 1) M1 macrophages, which are proinflammatory and release IL-1␤, TNF-␣, as well as IFN-␥; and 2) M2 macrophages, which are anti-inflammatory, promote angiogenesis, and help form scar tissue (196) . MSCs have been found to augment the differentiation of M2 macrophages without decreasing their debris-clearance properties (101), thereby curbing the proinflammatory state post-MI. 
B. Adaptive Immunity
T-cells, which require T-cell receptor (TCR) activation to exert effector functions, are central to the adaptive immune system (363) . Both autologous and allogeneic MSCs can inhibit proliferation of T-cells that are stimulated by certain antigens or mitogens (80, 297, 361) . Inhibition is mediated by T-cell arrest in G 0 /G 1 phase of the cell cycle; administration of IL-2, however, can partly reverse this effect (26, 411) . Furthermore, the antiproliferative effect of MSCs on T-cells causes a shift from a proinflammatory state, with decreased IFN-␥ production, to an anti-inflammatory state with an increase in IL-4 production by T-helper (T H 2) cells (4) (FIGURE 8).
Another main lymphocyte-type of the adaptive immune system is the B-cell, which is involved in antibody production and activated through T-cell-dependent and -independent pathways (363) . MSCs can prevent B-cell maturation and differentiation, through arrest in the G 0 /G 1 phase, and expression of chemokine receptors (65, 416) . Although some reports (14, 65, 113) have shown that, in vitro, MSCs are The activity of CD8 ϩ cytotoxic T-lymphocytes (CTLs), a major type of T-cells that are responsible for MHC-restricted killing of target cells, is attenuated by MSCs (298) . Although pretreatment of MSCs with IFN-␥ was found to increase cell-surface expression of MHC class I molecules, they are not targets of CTLs (246) . An important T-cell subtype is the regulatory T-cell, which is involved in tolerance to self-antigens by suppressing the immune system (363) . Their production is increased by MSC-induced release of IL-10 from plasmacytoid DCs (pDCs) (222) (FIG-URE 8) . Moreover, MSCs enhance regulatory T-cell proliferation through their release of HLA-G5 (323) . Thus the combined effect of MSCs inhibiting T-cell proliferation and cytotoxicity while supporting production of regulatory Tcells can help control an immune response. While the notion exists that excessive modulation may weaken the immune system, Toll-like receptors (TLRs) found on MSC cell-surfaces serve as a foolproof mechanism by impairing Notch signaling with subsequent reversal of MSC immunosuppression (216, 275, 357) . Indeed, Abarbanell et al. (2) found TLR-2 to be a vital component of postinfarction, MSC-mediated myocardial recovery.
C. Mechanistic Insights Into Immunomodulatory Properties of MSCs
Two main mechanisms have been shown to underlie MSCmediated immunosuppression: 1) cell-to-cell contact and 2) release of soluble factors as mentioned earlier (363) . It has been proposed that the initial step enabling immunosuppression is cell contact between target cells and MSCs via adhesion molecules such as programmed cell death 1 (PD1) receptor and its corresponding ligands, respectively, resulting in decreased production and release of pro-inflammatory cytokines (14) . Contact between MSCs and NK cells allows for downregulation of NK-cell activating receptors such as NKp30, NKp44, and NKG2D (343) . MSC-mediated immunosuppression also relies on multiple soluble factors, which are not exclusively independent from one another. Molecules like NO (314) and IDO (239) are released by MSCs after release of IFN-␥ by target cells (187) . Other factors such as TGF-␤ 1 (80), hepatocyte growth factor (HGF) (4), IL-6 (183), HLA-G5 (323), and PGE 2 (343) are released autonomously by MSCs without requiring cross talk between cells. Soluble immunosuppressive factors can act alone or in combination to reduce T-cell proliferation and cytotoxicity as well as NK-cell cytotoxicity and to generate regulatory T-cells (363) .
MSCs have been shown to attenuate inflammation in acute MI (83), by decreasing the production of TNF-␣ and IL-6 (proinflammatory) while increasing IL-10 (anti-inflammatory), as well as in cases of acute myocarditis (163) and cardiac dysfunction secondary to endotoxemia (384) . Yet these effects depend on the degree of cardiac inflammation and are MSC-dose dependent (301) . Cytokines released into the cardiac microenvironment during an inflammatory state can also affect MSC function through stimulation of MSC receptors. Activation of TNF-␣ receptor 1 and 2 leads to a reduction of gene expression of proinflammatory cytokines in MSCs, including IL-1␤, IL-6, and TNF-␣ (17), and alters the expression of VEGF (232), an important paracrine mediator in post-MI recovery (233).
Although some in vivo studies have demonstrated MSCs' immunomodulatory properties, the effects may be less than or different from in vitro studies due to different factors including, but not limited to, variable MSC doses, culturing conditions, sources and techniques of isolation and/or expansion, and kinetics (199) . Still, in vivo transplantation of MSCs have shown promising results in various studies of immune-dependent disease processes. Chapel et al. (49) found that systemically infused MSCs homed to injured tissues in a model of radiation-induced multiorgan failure. Intravenous MSC infusion has also been shown to prolong skin allograft survival (19) as well as offer treatment for steroid-resistant, acute graft-versus-host-disease (198) (GVHD).
It has been suggested that MSCs may lose their immunoprivileged state upon differentiation (391) . This is partially supported by findings from a study on transplanted allogeneic MSCs using a post-MI rat model that demonstrated MSC elimination from the heart with no effect on cardiac function (158) . Furthermore, this study found that, in vitro, MSC differentiation into myogenic, endothelial, or smooth muscle cells leads to a change in MHC-immune antigen profile with higher expression of MHC-Ia and II and lower expression of MHC Ib, thus transforming them from immunotolerant to immunogenic. Corroborating this evidence, allogeneic MSCs transplanted into post-MI swine mostly engrafted as undifferentiated cells with no induction of an immune response and the potential to stimulate endogenous cardiac repair (144, 290) .
VII. MSCs AT THE CELLULAR LEVEL
A. Paracrine Effects
MSCs are known to produce and secrete a plethora of factors that contribute to their paracrine actions. These soluble molecules have been shown to contribute to cardiac functional recovery by aiding endogenous repair mechanisms (114 -116, 182, 205, 243) . Additionally, soluble factors released by MSCs not only stimulate cardiomyocyte regen-eration and angiogenesis, but they further support antifibrosis and antiapoptotic activity as well as inhibit a proinflammatory state as previously mentioned (46, 146, 181) . MSCs' paracrine action can also aid in myocardial recovery even from remote tissues as shown in preclinical (328) and clinical studies (174) . This global trophic effect has been attributed to the activation of the Janus kinase (JAK)-signal transducer and activator of transcription-3 (STAT3) signaling pathway by MSC-derived IL-6-type factors and the subsequent increase in production of host-tissue derived factors (HGF and VEGF) that mediate activation of endogenous cardiac repair mechanisms (327) .
Hypoxic MSCs that overexpress the prosurvival gene Akt (MSC-Akts) upregulate genes that encode for soluble factors, including VEGF, FGF-2, HGF, and insulin-like growth factor-I (IGF-I), which may be responsible for mediating cardioprotective effects. Conditioned medium from hypoxic MSC-Akts, in vitro, has been shown to significantly inhibit hypoxia-induced apoptosis and stimulate strong spontaneous contraction of adult rat cardiomyocytes, while in vivo, conditioned medium injected into post-MI rat myocardium has demonstrated attenuation of infarct size with improvement of cardiac function (115). These effects were observed rather early (Ͻ72 h post-infarction) and thus were suggested to be due to myocardial protection and enhancement of cardiac function rather than donor-cell engraftment and/or cardiomyogenesis (114, 115).
Secreted frizzled related protein 2 (Sfrp2), a paracrine factor released by MSC-Akts, also mediates myocardial survival and repair postischemic injury through the Wnt signaling pathway (243) . Sfrp-2-treated cardiomyocytes have increased cellular levels of ␤-catenin, which leads to overexpression of antiapoptotic genes (243) . Marrow-derived MSCs cocultured with neonatal rat ventricular myoctes (NRVMs) can enhance expression of the transmembrane potassium channel and increased the transient outward potassium current by secreting bFGF (27) . Human MSCs in coculture with neonatal mouse ventricular cardiac myocytes (nMCMs), injured by incubation with endotoxin or IL-1␤, protected cardiomyocyte calcium handling. Importantly, the presence of a semi-permeable membrane in this study suggested that paracrine signaling was operable (309).
The conditioned medium of murine MSCs contains bFGF, placental growth factor (PGF), monocyte chemoattractant protein-1 (MCP-1), and VEGF, all of which increase endothelial and smooth muscle cell proliferation in a dose-dependent manner (182) . Following distal femoral artery ligation, mice injected with MSCs demonstrated an improvement in distal limb perfusion, function, and appearance with a concomitant reduction in muscle atrophy and fibrosis compared with controls. Local muscle levels of bFGF and VEGF proteins were elevated with colocalization of transplanted, labeled MSCs and VEGF. However, labeled MSCs continuously decreased weeks 1-4 and did not incorporate into blood vessels (182) . Although the paracrine factors secreted by MSCs show beneficial effects in myocardial recovery, they have been shown to have more profound effects when released through administration of actual cells rather than conditioned medium alone (144) . Furthermore, the secreted protein profile can be altered depending on the inflammatory setting, levels of oxygen within the cardiac microenvironment, and mechanical stress experienced by the MSCs and resident cells (153, 206, 354) .
B. Exosomes and Extracellular Vesicles
More recently, MSCs have been shown to secrete microvesicles, macromolecular complexes, smaller phospholipid particles called exosomes, and extracellular vesicles (EVs) (244) , all of which are involved in intercellular communication. Nucleic acids, in the form of mRNA, microRNA and non-protein encoding RNA, have been found in MSC-released exosomes (129) , which interestingly differ from their parent cell RNA content (244, 422) .
Some studies have demonstrated the ability of exosomal mRNA and microRNA, or exosomal shuttle RNA (es-RNA), to be delivered to recipient cells resulting in translation of the proteins encoded from the transferred RNA within these new cells (366) . In agreement, investigators have implicated the exchange of nucleic acids as a key exosomal function (373) . Other exosome-mediated roles include transfer of proteins and lipids as well as modification of downstream genetic signaling with target recipient cells (373) . On a larger scale, exosomes play important roles in immunological responses, as they are involved in antigen presentation, and are also involved in angiogenesis, coagulation, as well as programmed cell death (167, 355) . EVs, which are similar in function and composition to exosomes, are also continuously released by cells and participate in genetic exchange (372) . Endothelial progenitor cell (EPC)-derived EVs are involved in transfer of mRNAs and microRNAs to help induce endothelial-cell angiogenesis (78, 410). Furthermore, this transfer of genetic material exists as a bidirectional process between stem cells and differentiated endogenous cells (43) . In addition to RNA molecules, EVs derived from embryonic stem cells contain proteins such at Oct-4 and Wnt-3 (148).
MSCs produce and secrete exosomes to a greater degree than muscle or human embryonic kidney stem cell lines (406) . Common surface antigens of both MSCs and exosomes alone, including CD9, CD29, CD44, and CD89, have been found on exosomes derived from MSCs (193) . Exosomes, and related extracellular membrane vesicles secreted by MSCs (i.e., EVs), are active components of intracardiac communication using horizontal transfer of information between cells (337). The first report of MSC-derived exosomes to be studied was by Lai et al. using a murine ischemia/reperfusion injury model (193) . They reported that exogenously administered purified exosomes can reduce infarct size and concluded that MSCs exert their cardioprotective paracrine effect through exosomal release. When exosomes derived from MSCs overexpressing the transcription factor GATA-4 were transplanted into the border zones of post-MI rat hearts, cardiac contractile function was restored and infarct size was reduced. The observed cardioprotective effects were at least in part due to transfer of miR-19a in cardiomyocytes, resulting in reduced cardiomyocytic expression of the phosphatase and tensin homoglog (PTEN) and secondary activation of the Akt and ERK signaling pathways (409) . MSCs can also release large quantities of EVs under hypoxic conditions (30). Infarcted hearts treated with intramyocardial injection of MSC-EVs exhibited significantly improved blood flow through angiogenesis-based mechanisms, as well as reduced infarct size while preserving systolic and diastolic function.
The use of exosomes and EVs has also been studied as a therapeutic strategy for renal and neurological diseases (300, 398) . Renal injury was attenuated in rats receiving MSCs, MSC-conditioned medium (MSC-CM), or exosomes purified from the MSC-CM, by blunting the increase in creatinine, urea, and fractional excretion of sodium (FeNa) (300) . Furthermore, addition of RNase to MSC-CM or MSC-CM-derived exosomes inhibited these effects, suggesting that exchange of RNA particles plays a major role. Similarly, injured renal proximal tubular tubular epithelial cells (PTECs) treated with MSC-EVs have been found to have enhanced incorporation of these vesicles with increased EV-mediated transporting miRNAs involved in renal recovery (215) . Ischemic brain parenchymal cells have demonstrated an increase in neurite branch number and total neurite length after MSC treatment (398) . These findings have been partially attributed to transfer of microRNAs 133b (miR-133b) and cel-miR-56 from MSC-derived exosomes to neural cells.
Exosome-mediated transfer of genetic information has been studied in the context of inflammatory states (259), including ischemic heart disease (121 (122) . This corroborates the aforementioned discussion regarding the necessary cell-to-cell contact between MSCs and target cells for proper immunomodulation. Alternatively, treatments using MSC-derived EVs alone seem to impart different immunomodulatory effects than their cells of origin (74) .
C. Mitochondrial Transfer
Another method of intercellular communication employed by MSCs is through mitochondrial transfer. Damaged cells that are devoid of functional mitochondria or mitochondrial DNA can benefit from mitochondrial transfer by MSCs (57), via a restoration of impaired oxidative phosphorylation and bioenergetics caused by dysfunctional mitochondria (214) . The physiological importance of mitochondrial transfer and its role in rescuing mammalian-cell aerobic respiration in somatic cells with dysfunctional mitochondria was initially studied almost a decade ago by Spees et al. (345) . While the exact underlying mechanisms still remain unclear, the presence of tunneling nanotubules and gap junctions containing connexin-43 have been linked to the process of mitochondrial transfer (266, 367) . Inhibition of nanotubule formation has been associated with a decreased capacity for mitochondrial transfer (209) . Miro1, a mitochondrial Rho-GTPase, is a key regulator in intercellular mitochondrial transport (197) and has been shown to enhance the mitochondrial donor capacity of MSCs (5). Treatment of injured epithelial cells in asthma models using MSCs expressing Miro1 results in increased rescue of epithelial injury as well as reversal of airway responsiveness and remodeling (5) . Furthermore, MSCs express higher levels of Miro1, compared with lung epithelial cells or fibroblasts.
The interplay between MSCs and cardiomyocytes using mitochondrial transfer is also essential in providing therapeutic insights into heart disease (194) . Coculture of human MSCs and rat cardiac myocytes resulted in transfer of mitochondria within nanotubes, suggesting a possible contribution to myocardial repair (279 
D. Reconstitution of the Cardiac Niche
MSCs have been shown to be a component of, contribute to, and support stem cell niches, or microenvironments, thereby maintaining tissue homeostasis (162, 178, 237 (302) . An increase in cardiomyocyte mitosis and survival has also been demonstrated using FGF1/p38 MAP kinase inhibitor therapy (90). It was also found that, after acute MI, rat hearts treated with FGF1/p38 MAP kinase inhibitor resulted in reduced scarring, reduced wall thinning, and markedly improved cardiac function (90).
VIII. IN VIVO MECHANISM OF ACTION
A. Engraftment, Differentiation, and Fusion
Engraftment and differentiation rates of MSCs are relatively low compared with other cellular effects they render, including their paracrine actions (203) . Still, numerous reports regarding these mechanisms of action for both autologous and allogeneic MSCs exist in the literature, albeit conflicting evidence (180, 227, 285, 329, 335, 356) . Porcine hearts directly injected with autologous, Di-I-labeled MSCs into the infarct zone, 2 wk following left anterior descending (LAD) artery occlusion, were found to have marked engraftment in the host myocardium as well as markers for myocardial-specific proteins troponin T, tropomyosin, myosin heavy chain, and ␣-actinin (329) . Similarly, allogeneic bromodeoxyuridine-labeled MSCs, delivered via direct intramyocardial injections 1 mo after MI induction, engrafted in the peri-infarct zone and differentiated into cardiomyocytes (227) . In another porcine acute MI model, intravenous infusion of Di-Ilabeled allogeneic MSCs demonstrated engraftment in the infarct and peri-infarct regions, and cells were also found to engraft in the lungs (285) . Engraftment of MSCs following intramyocardial injection has also been demonstrated in a dog model of chronic ischemic cardiomyopathy (335) . Interestingly however, the engrafted cells expressed markers of endothelial and smooth muscle cell lineage, but no evidence for cardiomyocyte differentiation was documented (335) . Indeed, the capacity of MSCs to differentiate into endothelium and smooth muscle cells in addition to cardiomyocytes has previously been documented (290) .
Others have found little to no engraftment or differentiation in myocardial injury models (180, 356) . Human ␤-galactosidase ϩ MSCs transdiaphragmatically delivered to rat left ventricles engrafted in host myocardium at a rate of only 0.44% 4 days following injection (356) . Significantly, most cells were found in the lungs, spleen, and liver. The engrafted cells however began to appear morphologically indistinguishable from the host cardiac myocytes and, starting as early as 2 wk post-injection, revealed de novo expression of desmin, ␤-myosin heavy chain, ␣-actinin, cardiac troponin T, and phospholamban with sarcomeric organization of contractile proteins (356) . In another study, mouse hearts that were administered human placenta-derived amniotic MSCs (AMCs) following left anterior descending (LAD) artery ligation did not demonstrate any immunohistological evidence of engraftment, while those that were treated with c-kit ϩ AMCs showed engraftment yet no cardiac differentiation of cells (180) . Similarly, by utilizing a combination of in vivo bioluminescence imaging and DNA-based quantitation of cell engraftment approaches, Wu and colleagues (369, 370) recorded a fast decline in the engraftment of intramyocardially injected mouse MSCs and no improvement in cardiac function, over a period of 4 -6 wk following transplantation. Interestingly, compared with MSCs, engraftment of bone marrow mononuclear cells was robust and resulted in a modest functional benefit in the heart function of female FVB mice with experimental myocardial infarction (369, 370) .
These inconsistent findings on MSC survival have led to the concept of cell transiency, suggesting that MSCs' engraftment persists only for a limited time (166) . In a swine acute-MI model, Tao et al. (352) found that autologous bone marrow-derived MSCs engrafted within the ischemic myocardium at week 3 but not at week 10 post-injection (352) . Analogously, immunohistochemistry studies against the Y-chromosome by Dixon et al. (81) showed that transplanted male allogeneic MPCs into post-MI female sheep hearts were readily apparent in host border zones 1 h postinjection but absent at 8 wk post-MI, indicating a failure of prolonged engraftment (81). Although the reasons behind this phenomenon are not exactly clear, they may possibly be related to the MSC source, mode of delivery (352) , and/or disease model employed (i.e., acute vs. chronic).
In fact, an intravenous approach to cellular delivery has been to shown to result in insufficient MSC engraftment (150) , and intramyocardial administration may be more superior to the intravenous or intracoronary routes (103). Yet, others have proposed that the cardioreparative properties of MSCs do not depend on permanent engraftment (267) . Notwithstanding this, efforts to enhance MSC survival, and thus their therapeutic efficacy, have been increasingly made (69, 307, 403, 418) . Combined therapy with simvastatin has been shown to promote MSC survival and cardiovascular differentiation almost fourfold in infarcted Chinese miniswine (403) . Transfected MSCs with miRNA-133a mimic can improve MSC survival both in vitro and in vivo with downregulation of pro-apoptotic genes apoptotic peptidase activating factor (Apaf)-1, caspase-9, and caspase-3 (69). Inhibition of inositol hexakisphosphate kinases (IP6Ks) has been shown to lead to enhanced Akt activation increasing MSC engraftment and preserving myocardial function following MI (418) . More recently, biomaterial delivery vehicles have been developed to evaluate MSC tissue retention (307). Roche et al. (307) compared engraftment rates of MSCs administered via saline injection versus injectable hydrogel or epicardial patch biomaterial carriers. Human MSC delivered to infarct-border zones of postinfarct rats by any of these methods demonstrated that there was an 8-to 14-fold and 47-to 59-fold higher engraftment rate when injectable hydrogels and epicardial patches, respectively, were used compared with saline injection. Furthermore, all biomaterials retained 50 -60% of MSCs that were present immediately prior to injection, with only 10% retention for the saline injection control group (307) .
Another proposed mechanism that may contribute to MSC cellular action is the process of MSC fusion with different cell types including neurons, hepatocytes (8) , and even cardiomyocytes (254, 256) . At 2 days (and 1 wk) following human MSC delivery to murine hearts via a collagen patch, fusion of transplanted cells with recipient cardiac cells was detected using a Cre-LoxPbased reporter system (102). Fusion products were also found in distal organs such as the stomach, small intestines, and liver. Importantly, these fused cells were located perivascularly, suggesting a hematological migration route (102). Overexpression of Akt by MSCs can lead to higher engraftment of cells within infarcted myocardium with low levels of cellular fusion (254) . However, similar to their engraftment properties, MSC fusion with cardiomyocytes seems to be an early and transient event (254) . Furthermore, its occurrence is rare and, if present, infrequently takes place. As such, it is questionable whether or not this mechanism is considered a substantial contributor, if at all, to cardiac functional improvement.
IX. ANTIFIBROSIS, ANGIOGENESIS, AND CELLULAR REGENERATION
A. Antifibrosis and Prosurvival
Transplantation of MSCs confers cardioprotection by limiting the degree of apoptotic cell death in the heart. Apoptotic cardiac and neuronal cells secrete high levels of HGF, a potent chemoattractant for MSC migration towards injurious sites (375) . Significantly, recruitment of MSCs toward damaged tissue is reduced upon blockage of HGF bioactivity. In a rat cardiac ischemia-reperfusion model, intracoronary infusion of wild-type MSCs induced the highest degree of myocardial functional recovery and antiapoptosis while infusion of STAT3 knockout MSCs exhibited similar recovery as control (282) . STAT3 knockout rats also exhibited higher levels of inflammatory cytokines, HGF, and caspase-3 than wild type. These findings demonstrate the importance of the STAT3 signaling pathway in reducing proinflammatory and proapoptotic factors. MSC-derived growth factors alone have also been shown to reduce cardiomyocyte apoptosis when studied in in vivo acute-MI (114, 252) models, with a particular emphasis on MSCs' paracrine effects. Garikipati et al (108) employed serial pinhole gated SPECT-CT to evaluate cardiac function and cell tracking using PKH26 dye in ischemic myocardium treated with rat fetal heart-derived MSCs (fcMSCs). An abundance of PKH26-labeled fcMSCs were found in both infarct and peri-infarct regions. Importantly, fcMSC-treated hearts had fewer apoptotic cells; upregulated gene expression of VEGF, bFGF, and HGF-1; overexpressed the antiapoptotic protein Bcl2; and had a significantly lower expression of the proapoptotic protein Bax compared with control. Our group has highlighted the cytoprotective properties of autologous (196) and allogeneic (197) MSCs through their ability to reduce myocardial fibrosis in post-MI injected swine as assessed by cardiac MRI. Others (213) have found that treating ischemic swine with MSCs overexpressing Akt significantly enhances the antifibrotic effects of MSCs while protecting them from apoptosis. Enhancement of MSCs' antiapoptotic effects can be accomplished through genetic engineering with overexpression of certain transcription markers (115, 207), as described below. MSCs can therefore be a useful tool in inhibiting or diminishing the apoptotic stimuli that trigger myocyte loss following ischemic cardiac events.
Formation of scar not only initiates cardiac remodeling to a spherical shape but is also closely interrelated with endogenous myogenesis. Type I collagen is the most frequently found collagen in fibrotic tissues, and the presence of tissue fibrosis has been associated with dysregulation of myocyte regeneration and repair (6, 35) . Indeed, exposure of MSCs to type I collagen leads to a downregulation of growth and inflammatory gene factors with a resultant decrease in MSC-induced myoblast proliferation potential (73) . Matrix metalloproteinases (MMPs) are a group of essential molecules that maintain extracellular matrix (ECM) homeostasis and ECM remodeling plays a large role in regulating myocyte migration, differentiation, and regeneration (55) .
MSCs release a combination of various MMPs and tissue inhibitors that are involved in extracellular remodeling (245) . Notably, the ratio of MMPs to tissue inhibitors can be modulated by overexpression of certain factors, which can reverse the process of cardiac remodeling (334, 351) . Moreover, MSCs are capable of regulating the ECM degradative potential of cardiac fibroblasts, thereby supporting an indirect antifibrotic mechanism (242) . Indeed, the reduction of fibrosis in scarred tissues, which involves ECM degradation, aids in improving the renegerative capacity of endogenous myocytes (325) . Regardless of the method of cardiac neomyogenesis, the process seems to occur under significant manipulation in vitro while biological in vivo influences may not be adequate for driving cardiac regeneration (356).
B. Neovascularization and Angiogenesis
Postnatal blood vessel formation, or neovascularization, is conducted through angiogenesis or arteriogenesis (40) Secretion of proangiogenic and proarteriogenic factors by MSCs is the main mechanism suggested to play a role in neovascularization (120) . VEGF signaling is essential in the formation of new blood vessels, primarily through its binding interaction with PDGF receptor (PDGFR) (16) , and is upregulated 30-fold by hypoxia-inducible transcription factors (303) . Our group has shown that downregulation of PDGFR-␣, crucial for VEGF-A action, in MSCs derived from GSNOR-deficient mice markedly decreases the capacity for MSC-mediated neovascularization (120) . These results are in agreement with the significance of VEGF in stem cell-mediated cardioprotection (233) . Of note, exogenously administered VEGF alone does not meet the full potential of vascular regeneration but rather MSCs and their secretomes containing VEGF are superior (253) . bFGF is another wellstudied proangiogenic and proarteriogenic factor that facilitates blood vessel morphogenesis (47) . In a murine MI model, transplantation of MSCs overexpressing connexin-43 resulted in augmented bFGF and VEGF expression and an increase in vascular density, compared with connexin-43 knockout cells (377) .
Other factors in the cardiac microenvironment, such as NO, can modulate the process of neovascularization. We have also shown that GSNOR-deficient mice exhibit a decreased propensity for vessel formation, highlighting the inhibitory properties of S-nitrosylation signaling in MSCmediated vascularization (120) . Furthermore, blockade of NO synthase, an enzyme responsible for NO production, resulted in normalization of vessel tube formation, whereas NO donors reduced tube formation (120) , at least partially due to suppressed secretion of VEGF and HGF from MSCs (380) . In addition to the indirect action of released soluble factors, MSCs can directly exchange exosomes and microvesicles containing factors crucial for neovascularization (51, 326) . These extracellular vesicles are composed of VEGF, bFGF, angiogenin, MCP-1, and many other proangiogenic cytokines that are important in neovascularization-related cell signaling (51).
MSCs have also been shown to undergo endothelial cell differentiation (290) and form isolated cell aggregates expressing the endothelial cell-specific markers von Willebrand's antigen and CD31 (109). When cocultured with endothelial cells, MSCs promote the generation and maturation of new vessels in a time-and dose-dependent manner (84). Interestingly, the MSC's tissue of origin seems to play an important role in their vasculogenic capacity, since MSCs derived from Wharton's jelly have a higher endothelial differentiation potential compared with others (52). Differentiation of MSCs into vascular smooth muscle cells has also been suggested by the expression of ␣-smooth muscle actin, although expression of this marker is not coronary smooth muscle cell lineage-specific and could indicate differentiation into myofibroblasts (70) . Smooth muscle cell transdifferentiation can be stimulated by soluble factors, such as TGF-␤1 (7), and even through mechanical stimulation (404) . Within the perivascular niche, MSCs and their tissue-specific progeny have been identified among pericytes, or perivascular mural cells (45) . These progenitor cells express surface markers specific for MSCs, myogenic cells, and the endothelial cell phenotype (66) . In addition to their ability of differentiating into endothelial and smooth muscle cells, they can act as pericytes by triggering the tubelike formation of endothelial cells and development of robust vascular networks (41). In vivo studies for ischemic heart disease have found MSC transplantation to significantly increase capillary bed density in viable myocardium versus scarred (280) . These findings however are closely related to MSCs' paracrine role by upregulation of VEGF and bFGF rather than their engraftment and differentiation properties (210) . Furthermore, various growth factors and proteins can amplify much of their angiogenic and arteriogenic potential (24, 85).
C. Cardiomyocyte Regeneration
As described above, cocktails of growth factors and cytokines can stimulate the cardiomyocyte differentiation po-REBUILDING THE DAMAGED HEART tential of MSCs (123, 226, 332, 408) . TGF-␤ receptor signaling negatively regulates cardiomyocyte formation and inhibition of the receptor using a 1,4-dihydropyridine inducer of type II TGF-␤ receptor degradation-1 (ITD-1) analog stimulates mesodermal stem cell differentiation into cardiomyocytes (390 
D. Stimulation of Endogenous Stem Cells
MSCs have also been reported to stimulate the proliferation of endogenous cardiac stem cells (CSCs). Hatzistergos et al. ϩ CSCs intramyocardially to swine in an acute ischemic cardiomyopathy model and found that combination therapy conferred an enhanced engraftment of stem cells, greater reduction in infarct size, substantial improvement in left ventricular volumes, and stronger contractility than either cell type alone. Together, these findings help illustrate the cooperative effect of MSCs and CSCs, by means of their complex biological interactions, in the cardiac niche. Nevertheless, the question whether MSCs, together or without CSC therapy, trigger the formation of new temporary niches or preserves preexisting and/or dysfunctional niches still remains to be answered (202) .
Recently, MSCs have been studied in the setting of endothelial dysfunction and vascular disease (284) . Our group found that individuals with heart failure demonstrated increased endothelial progenitor cell (EPC) colony formation, enhanced flow-mediated vasodilation (FMD), and reduced levels of VEGF following transendocardial administration of allogeneic MSCs (284) . Indeed, these functional parameters are known to strongly correlate with and contribute to the pathophysiology of cardiomyopathy (88, 234, 387). The therapeutic potential for MSCs to restore endogenous endothelial stem cells to near-normal levels is of tremendous value to understanding cardiovascular disease and further progressing treatment strategies.
X. AUGMENTATION OF MSC EFFECTS
The restorative capacity of MSCs has mainly been limited by its poor cell engraftment and survival. As such, attempts have been made to enhance the cellular and therapeutic effects of MSCs by preconditioning with growth factors and/or drugs and utilizing genetic modification.
A. Preconditioning
Pretreatment of MSCs with VEGF leads to an upregulation of prosurvival factors, Akt and Bcl-xL, and downregulation of cell cycle inhibitors, p16 and p21, thus increasing MSC proliferation while reducing cellular stress (281) . In vitro treatment of MSCs with IGF-I with subsequent infusion into post-MI rat tail veins results in marked expression of cell surface CXCR4 after 48 h. Four weeks following transplantation, these pretreated MSCs demonstrate higher engraftment in the infarct-border zones, enhanced capillary density, and an attenuation of cardiac dysfunction, LV chamber enlargement, and scar formation (128) . Trimetazidine, an anti-ischemic drug used for treating angina, can be used to protect against peroxide-induced membrane damage and loss of cellular viability when preconditioned with MSCs (394). Furthermore, hearts transplanted with trimetazidine-preconditioned MSCs showed an improvement in cardiac function post-LAD ligation with overexpression of Akt and Bcl-2. Supernatants of heme oxygenase (HO)-1 MSCs can suppress hypoxia-induced apoptosis and cause MSCs to produce protective cytokines such as TGF-␤, IL-1␤, and VEGF (412) . The paracrine action of HO1-1 MSCs includes enhancement of LV function, increase in angiogenesis, and inhibition of cardiomyocyte apoptosis in a rat myocardial infarction model (412) . Priming MSCs with a "cocktail" of growth factors, including FGF-2, IGF-I, and BMP-2, improved their cytoprotective effects on cardiomyocytes through an increase in gap junction formation (132) . Similarly, in a rat MI model, transplanted growth factor-treated MSCs resulted in a reduction of infarct size with cardiac functional improvement.
B. Genetic Modification
With the use of a murine model, genetically modified MSCs overexpressing C-C chemokine receptor type 1 (CCR1) significantly increases chemokine-induced MSC migration and prevents apoptosis in vitro while enhancing MSC engraftment and myocardial function, thereby preventing cardiac remodeling, in vivo (155) . Preischemic infusion of MSCs derived from tumor necrosis factor receptor (TNFR)-1 knockout mice, but not TNFR2 knockout mice, restores cardiac function after ischemic-reperfusion injury (177) . This suggests that TNFR2 signaling is responsible for exerting beneficial effects of MSCs, whereas TNFR1 negatively modulates MSCs' paracrine action. Modification of survivin (SVV)-engineered MSCs under hypoxic conditions leads to increased secretion of VEGF (96). Transplantation of SVV-engineered MSCs after permanent LAD ligation can increase capillary density and reduce infarct size. Importantly, cell viability is enhanced and cardiac function is restored at 1 wk and as late as 28 days after intramyocardial tranplanation (96). SDF-1 is strongly chemotactic for lymphocytes, and its interaction with its receptor CXCR-4 can function as a target for myocardial perseveration (414) . Autologous MSCs that overexpress SDF-1 can improve myocardial function though a direct increase of cardiomyocyte survival rather than triggering endogenous cardiac myocyte regeneration (414) . Similarly, overexpression of antiapoptotic genes Akt (115) and Bcl-2 (207) enhances myocardial functional recovery by increasing cellular survival and inhibiting cell death, as mentioned above. Thus cell preconditioning and genetic modification serve as rather promising options in augmenting MSC-based therapy.
XI. PRECLINICAL STUDIES
A. Ischemic Cardiomyopathy in Murine Models
Many of the initial MSC studies for heart disease using murine models were performed over a decade ago and focused on the capability of these cells to transdifferentiate into cardiomyocytes (117, 295) . Toma et al. (356) were among the first to investigate the use of MSCs in enhancing the functional capacity of diseased myocardium. They found that human MSCs (hMSCs) derived from adult bone marrow had the potential to undergo myogenic differentiation after transplantation into adult murine myocardium, underlying the basis for its use for cellular cardiomyoplasty (356) . In a similar study by Gojo et al. (117) , bone marrowderived MSCs primed with 5-azacytidine were injected into mouse recipient myocardium and exhibited in vivo cardiovasculogenesis. Together, these findings have prompted the utilization of MSCs in murine ischemic models (70, 180, 230) . Davani et al. (70) found that autologous MPCs directly injected into ischemic rat hearts improved left ventricular performance and increased vessel density 30 days following implantation. Furthermore, MPCs engrafted and differentiated into smooth muscle and endothelial cells (70) . In a different study, infarcted rat myocardium treated with MSCs modified with Akt restored cardiac performance to near normal and prevented remodeling (230) . Recently, Kim et al. (180) examined a subpopulation of MSCs, AMC-derived induced pluripotent stem cells (MiPSCs), in treating mice that underwent LAD ligation. MiPSC-treated mice had a greater, more sustained improvement in ventricular function and stem cell engraftment than unselected AMCs or c-kitϩ AMCs (180) . Still, many studies using murine models for ischemic cardiomyopathy employed cardiomyocyte transplantation rather than MSCs (249, 299, 415) .
B. Ischemic Cardiomyopathy in Large Animal Models
Favorable data from small animal models have paved the way for MSC-based cardiomyoplasty to be studied in larger animal species such as swine (9, 141, 287, 290, 305, 321, 322, 329, 420) , sheep (81, 135), and dogs (272, 335) . Arrays of experiments have ranged from using autologous (287, 329, 420) and allogeneic (9, 141, 290, 321, 335, 371) MSCs in acute (141, 287, 329) , subacute (9, 321, 371) , and chronic ischemic cardiomyopathy (290, 322, 335, 420) models delivered via multiple routes of administration (9, 133, 272, 287, 305, 321, 322, 329, 335, 420) (FIGURE 10 ).
During the acute phase following an MI, the proinflammatory and proapoptotic cardiac milieu counter the proreparative effects of MSCs, but strong homing signals and alterations in ECM regulation can help harness MSCs' therapeutic actions. In an acute MI model, swine were injected with autologous MSCs directly into the myocardium 2 wk following a 60-min LAD occlusion (329) . Transplanted MSCs engrafted and demonstrated expression of musclespecific proteins as early as 2 wk post-injection with significant attenuation of left ventricular contractile dysfunction at 4 wk after injection (329 MSC-based therapy has also been tested in chronic ischemic cardiomyopathy using large animal models and the previously mentioned delivery methods, although most chronic models have employed TESI or direct intramyocardial injections (322, 335, 420) . In a chronic MI, the fibrotic process has stabilized and tissue disorganization makes the myocardium prone to further dysfunction. Zhou et al. (420) directly injected swine with chronic ischemic injury with ex vivo expanded autologous MSCs 4 wk following placement of an ameroid constrictor around the proximal circumflex artery (420) . Six weeks post-injection, the authors found that the MSC-treated group displayed a 40% improvement in myocardial function, as assessed by regional wall thickening, compared with a 4% change in saline-treated animals. The MSC-treated group demonstrated an increase in EF by 20% and, compared with control, had a higher vascular density as calculated by capillary-to-myocyte ratio (420) .
The first preclinical randomized study of bone marrowderived allogeneic MSCs administered to pigs was conducted by Amado et al. (9) . This study highlighted the safety and efficacy of allogeneic MSCs, by demonstrating no signs of rejection and profound infarct size reductions with restoration of cardiac function to near-normal levels, respectively (9). Hashemi et al. (141) corroborated the safe use of allogeneic MSCs and revealed that endomyocardial injections of allogeneic MSCs in an acute MI porcine model did not produce any toxic effects clinically or by histology (141) . Using a swine model of chronic ischemic cardiomyopathy, we found that allogeneic MSCs, delivered transendocardially to ischemic myocardium, were able to differentiate into cardiomyocytes, vascular smooth muscle, and endothelial cells (290) . These results were accompanied by a reduction in infarct size, an increase in EF, and improvements in regional contractility and myocardial blood flow which were at least partially attributable to their trilineage differentiation potential (290) (FIGURES 11 AND 12) . In a similar study by Silva et al. (335) , however using a canine chronic ischemic model, intramyocardial injections of MSCs increased EF in the cell-treated group, yet only a trend in reduced fibrosis and increased vascular density was observed (335) . Furthermore, MSCs coexpressed markers of vascular smooth muscle and endothelial cell lineages, but not cardiomyocytes (335) . Therefore, allogeneic MSC therapy has proved to be both safe and efficacious in cardiac regenerative medicine, supporting its role as an excellent "off-the-shelf" product.
Despite the relatively few large animal studies of subacute ischemic cardiomyopathy, the beneficial effects of MSCs (135) . In another dose-dependent study, allogeneic MPCs that were transplanted into post-MI sheep had the greatest influence on LV remodeling at lower MPC concentrations by altering collagen dynamics, MMPs, and tissue inhibitors within the border zone (81). These findings lend support to the notion that perhaps a "threshold" effect exists whereby the concentration of cells delivered, rather than total cell number, determines the therapeutic outcome.
C. Nonischemic Cardiomyopathy
In rat model of nonischemic, dilated cardiomyopathy, Nagaya et al. (250) reported that autologous MSCs injected 5 wk following immunization significantly increased capillary density and reduced myocardial collagen volume fraction, with consequent improvements in LV chamber volume and hemodynamics. Furthermore, a proportion of the engrafted MSCs expressed cardiomyocyte and vascular cell markers (250) . The same group studied acute myocarditis by injecting rats with porcine myosin and treating them with autologous MSCs 7 days following induction of myocarditis (258) . MSC transplantation reduced the proinflammatory cardiac microenvironment, by inhibiting increases in CD68-positive inflammatory cells and MCP-1 expression, increased capillary density, and improved cardiac function (258) . Similar in vitro findings, within the same study, support MSCs' paracrine effects as playing the major role even in nonischemic cardiac repair (258) . Xenografted adult human MSCs into canine LV anterior walls with com- plete heart block provided pacemaker function when Ͼ700,000 cells were delivered, and stabilized as early as day 10 with persistence to 6 wk post-injection (278) . Importantly, these functional biological pacemakers were catecholamine-responsive and did not manifest any cellular or humoral rejection (278) . Thus MSCs can be of great benefit for a wide range of cardiac pathologies.
D. Safety Profile
MSC cell-based therapy for cardiovascular disease (138) , and many other disease processes (268, 283) , has been shown to be safe in both preclinical (9, 144, 322) and clinical studies (137, 147, 308) . Allogeneic MSCs offer similar safety properties to autologous cells (137) , with the benefit of avoiding MSCs derived from aged and aberrant microenvironments, since these cells are obtained from young and healthy donors (293) . However, long-term safety measures have not been studied as extensively as the more immediate and apparent outcomes.
A major concern regarding the long-term safety of MSC therapy has been the potential for arrhythmogenicity. In a murine post-MI model, Lai et al. (192) observed that direct injection of MSCs mitigated the reduction in conduction velocity and ion channel gene expression, which are decreased after an infarction, but did not promote arrhythmogenicity. In agreement, Wei et al. (382) demonstrated that while transplanted MSCs do not acquire the electrophysiological characteristics of mature cardiomyocytes, they are not proarrhythmic and can alleviate the electrical vulnerability associated with injured myocardium. In support of MSCs' paracrine effects, it was found that hypoxic, but not normoxic, MSC-conditioned medium was antiarrhythmic when injected into border zones of infarcted rat myocardium (159) . Further resolution of proarrhythmic concerns was substantiated by data from clinical trials supporting MSCs' antiarrhythmic actions (138) . 28, 204, 311, 362) . Therefore, additional long-term clinical studies are required to provide more robust conclusions.
XII. CLINICAL TRIALS
There have been significant efforts to advance the application of cell-based therapeutics for heart disease, from the bench to bedside. To date, the majority of stem cell treatments under clinical trials are with adult bone marrowderived cells (173) , whereas there is cautious optimism for cardiac progenitors derived from within the adult heart (62, 228) or differentiated ESCs/iPSCs (240) that have just started coming down the pipeline. Overall, an increasing number of patients have been successfully receiving cell therapy for a period of time, with no health hazards reported. However, the conclusions regarding their efficacy as a potential treatment for heart disease are mixed. Whereas in some occasions meta-analyses of the reported effects following bone marrow-derived cell therapy identified significant clinical benefit (3, 63, 64, 75, 76, 168, 186) , others report opposing effects (72, 100, 131, 255) . To this end, the ACCRUE database (meta-Analysis of Cell-based CaRdiac study; NCT01098591) is sought to improve data analysis by collecting and providing access to individual patient data (IPD) from multinational, randomized, and cohort studies of cell-based therapy in patients with ischemic heart disease. For example, a recent IPD-based meta-analysis of 767 patients from 12 randomized controlled trials who received intracoronary administration of bone marrow-derived or cardiosphere-derived cells after acute MI illustrated no significant clinical benefit over the 485 controls (131) . The inability of the ACCRUE meta-analysis to record the positive effects of intracoronary cell transplantation previously reported by others may reflect the impact of using more rigorous statistical approaches that are based on IPD rather than study-level data (186) . However, it may also be due to important differences between the 12 different studies, such as the methods in cell preparation and delivery; differences in the administered cell types which included bone marrow mononuclear cells, cardiosphere-derived cells, and CD133 ϩ and CD34 ϩ bone marrow cells; as well as important differences in patient characteristics. Nonetheless, the ACCRUE study strongly suggests that intracoronary administration of cell-based therapeutics may not be the optimal therapeutic strategy in its present form.
A. Acute and Subacute Myocardial Infarction
MSCs' cardioreparative capacity shown in numerous preclinical studies (9, 70, 180, 290, 321, 322, 329, 335, 356) along with their excellent safety track record (195) have allowed for their use as a promising therapeutic agent in clinical trials. To date, multiple phase I and II clinical trials REBUILDING THE DAMAGED HEART have been completed using intravenous (138, 308) , intracoronary (54, 152, 227, 228) , and intramyocardial (11, 137, 147, 271, 393) delivery routes. Hare et al. (138) investigated the safety and efficacy of intravenously delivered allogeneic human MSCs in acute MI patients. In this phase I randomized, double-blinded study, MSC-treated, but not placebo-treated, patients experienced a significantly improved global symptom score, increased EF, LV reverse remodeling, improved pulmonary function testing, and reduced ventricular arrhythmias 6 mo post-infusion. These encouraging data led to a phase II trial (ClinicalTrials.gov identifier: NCT00877903), using a similar study design, with preliminary results showing decreased LV remodeling and treatment-emergent serious adverse events (TESAEs). This study is still ongoing. Rodrigo et al. (308) performed a phase I study evaluating the safety and efficacy of autologous bone marrow-derived ex vivo expanded MSCs delivered by TESI in acute MI patients. They highlighted the feasibility and safety of this delivery system, noting a similar 5-yr event-free survival in MSCtreated and control groups (308) . The APOLLO trial, a randomized, double-blinded, placebo-controlled, phase I/IIa study for ST-elevation MI (STEMI), assessed the safety and feasibility of adipose-derived MSCs administered intracoronarily acutely after an MI, and importantly, no TE-SAEs were noted. Cell-treated patients exhibited a 50% reduction in infarct size and a significant improvement in perfusion, albeit only a trend in cardiac functional improvement. The ongoing AMICI trial is designed to evaluate the safety and efficacy of allogeneic MPCs infused intracoronarily in patients with acute STEMI (ClinicalTrials.gov identifier: NCT01781390).
In a subacute MI model, Chen et al. (54) delivered autologous MSCs via intracoronary infusion almost 3 wk following percutaneous intervention (PCI) and observed improvements in LV chamber dimensions, ejection fraction, and perfusion defects in cell-treated patients versus placebo. The CADUCEUS trial was a phase I randomized, dose-escalation study examining the safety and efficacy of intracoronary delivery of autologous cardiosphere-derived stem cells (CDCs) (which include MSC-like cardiac cells) 2-4 wk post-MI (227). At 6 mo post-infusion, an increase in viable heart mass, regional contractility, regional systolic wall thickening, and a reduction in scar mass were found in the CDC group, but no changes in left-ventricular end-systolic volume (LVESV), end-diastolic volume (LVEDV), or EF were observed. Furthermore, no major adverse cardiac events (MACE) or tumorogenicity were found in treatment or control groups. Importantly, a follow-up to that trial showed that safety outcomes and therapeutic regeneration were maintained even until 1 yr post-treatment (228) . Together, these data strongly suggest a role for MSCs in the context of acute and subacute MI.
B. Chronic Ischemic Cardiomyopathy
Translational data obtained from rigorous chronic ischemic models in large animal models has permitted implementation of MSC-based therapy in clinical trials for patients with chronic ischemic cardiomyopathy. MSCs' in vivo mechanisms of action, as described above, have been distinguished as ostensibly operative in human trials. Importantly, their unique immunological phenotype together with their effective ability to suppress cells of both the innate and adaptive immune systems (363) has allowed for their use as an allograft in clinical trials.
Our group performed an early-phase clinical trial, in which eight patients were administered either autologous bone marrow-derived MSCs or whole bone marrow by TESI, demonstrating reverse remodeling with restoration of regional cardiac function in the infarct zones treated with autologous MSCs (393) . The two follow-up studies were the randomized, double-blinded TAC-HFT (FIGURE 13) and POSEIDON (FIGURE 14) trials comparing bone marrow MSCs versus mononuclear cells and allogeneic versus autologous MSC therapy, respectively, in chronic ischemic cardiomyopathy patients. These phase I/II trials found that at 1 yr, autologous MSCs, but not mononuclear cells, reduced infarct size, improved regional contractility, and increased functional capacity (147) and that allogeneic MSCs are equivalent to autologous MSCs in reducing scar size as well as improving end-diastolic chamber volumes and sphericity index (137) . Importantly, low-dose allogeneic MSCs (20 million cells) produced the greatest reductions in LV chamber dimensions and increased EF (137) . Interestingly, in a secondary analysis of these two prospective trials, older patients (Ն60 yr) exhibited a similar improvement in functional capacity and quality of life measures (6-min walking distance and Minnesota Living With Heart Failure Questionnaire, respectively) (FIGURE 15), in addition to equivalent reductions in MI size (data not shown), compared with young patients (Ͻ60 yr) (119) . In an effort to examine cell-based therapy in improving LV function for ischemic cardiomyopathy patients undergoing coronary artery bypass grafting (CABG), the PROMETHEUS trial found that intramyocardial injection of autologous MSCs into infarcted, nonrevascularized segments resulted in a concordant improvements in scar size, perfusion, and contraction compared with revascularized and nontreated segments (174) . The impact on cardiac structure and function was less prominent in revascularized, but noninjected segments, emphasizing MSCs' largest effects as being local with a present, yet reduced, concordance of phenotypic effects in regions adjacent to injection sites (174) .
The phase II randomized, placebo-controlled, doubleblinded PRECISE trial investigated TESI injections of adipose-derived MSCs isolated from liposuction aspirates into ischemic cardiomyopathy patients and demonstrated improved myocardial perfusion, exercise capacity, and car-diac function at 6 mo post-treatment (271) . Importantly, perfusion was conserved for 12 subsequent months. In a smaller phase II study, 30 LVAD-recipient patients were randomized to either intramyocardial injection of allogeneic (STRO-3ϩ) MPCs, during time of surgical implantation, or medium (11) . Although 90 days following randomization successful weaning from LVAD support was observed in half of the MPC group and 20% of control patients, no significant difference existed. Nevertheless, this trial was preliminary, and allogeneic MPCs were safe and feasible with the prospect of possible efficacy in a future study with a larger sample size. Currently, an ongoing clinical trial using autologous VEGF-A 165 -stimulated adiposederived MSCs, MyStromalCell, aims to establish the safety and efficacy of this cell therapy, by using functional capacity, quality of life, and cardiac imaging parameters, in patients with chronic myocardial ischemic and refractory angina (286).
C. Phase III, Ongoing, and Planned Clinical Trials
Based on findings from the APOLLO trial, the phase IIb/III ADVANCE trial (ClinicalTrials.gov identifier: NCT-01216995) has been initiated and is enrolling up to 375 patients with an STEMI to evaluate the safety and efficacy of intracoronary infusion of two doses of adipose-derived MSCs. In the phase III C-CURE trial for ischemic heart failure, endomyocardial injection of autologous MSCs exposed to a cardiogenic cocktail resulted in a significant restoration of LVEF and LVESV as well as improvements in functional capacity and quality of life compared with control patients (20) . A different, ongoing phase III trial is estimated to enroll 1,730 subjects and will evaluate the efficacy and safety of ex vivo-expanded allogeneic MPCs (CEP-41750) for treatment of chronic ischemic cardiomyopathy. Cells are to be delivered by TESI and efficacy outcomes will be assessed until 60 mo post-treatment (ClinicalTrials.gov identifier: NCT02032004). The TRIDENT trial (ClinicalTrials.gov identifier: NCT02013674) compares two different cell doses (20 million vs. 100 million allogeneic MSCs) administered via TESI for ischemic cardiomyopathy. The POSEIDON-DCM trial (ClinicalTrials.gov identifier: NCT01392625) aims to evaluate the role of autologous and allogeneic MSCs in patients with nonischemic, dilated cardiomyopathy. A multicenter phase II, randomized, placebo-controlled study, named the CONCERT-CHF trial under the National Heart, Lung, and Blood Institute's (NHBLI) Cardiovascular Cell Therapy Research Network (CCTRN), is investigating the safety and efficacy of combination cell therapy in subjects with chronic heart failure. The trial is designed to have patients receive transendocardial injections of either a combination of autologous MSCs and c-kitϩ CSCs, autologous MSCs alone, autologous CSCs alone, or placebo. The estimated subject population will be 144 randomized patients who will be followed for safety and efficacy outcomes until 1 yr following treatment.
XIII. ENGINEERED HEART TISSUE
A. Enhancement of Cell Delivery and Retention
Because 
B. Implantation of Biomimetic Scaffolds and Matrices
In a murine acute MI model, in vivo implantation of threedimensional polyelectrolyte complex (PEC)-based scaffolds loaded with MSCs demonstrate an increase in EF, improvements in neovascularization, as well as blunted scar size expansion and LV dilation (48) . Elastic, biodegradable, nanofibrous cardiac patches seeded with MSCs can be transplanted onto the epicardium of infarct regions in post-LAD ligation rats and allow MSCs to migrate towards infarct sites, attenuate LV wall expansion, reduce fibrosis, and promote angiogenesis 4 wk post-transplantation (170) . In another murine chronic MI model, MSC-seeded plasmacoated poly -caprolactone (PCL) grafts were used to stabilize cardiac function and dilation (126) . MSC-patch animals only experienced a 6% relative decrease in EF 4 wk post-implantation, compared with a 13 and 20% decrease in sham-treated animals and acellular patch implantation, respectively (126) .
Investigators have engineered PBHV/gelatin scaffolds resembling myocardial structural properties that, following REBUILDING THE DAMAGED HEART (67) . In an interesting study by Haneef et al. (136) , electrostimulation of MSCseeded collagen matrices significantly increased MSC proliferation and induced expression of cardiac markers troponin I, connexin 43, sarcomeric ␣-actinin, slow myosin, fast myosin and desmin, compared with nonstimulated control matrices. Alternatively, scaffold-free MSC assembly into three-dimensional microtissues (3D-MTs) has been studied. Successful in vitro generation of MSC 3D-MTs prior to transplantation has displayed sufficient viability and ECM formation, which offers a strategic delivery tool for cardiac therapy (89). Three-dimensional in vitro cardiac scar models have also been used to examine the paracrine effects of implanted MSCs in ischemic myocardium and resident myofibroblasts, thereby elucidating their role in attenuating the progression of cardiac fibrosis (106).
C. Decellularization and Recellularization
Decellularization is a process whereby cells are removed from tissues or organs using detergents, enzymes, and/or salts, with conservation of ECM composition, structure, mechanisms, and bioactivity. Combining this process with recellularization, or cell repopulation, with stem cells like MSCs can serve as an important bioengineering instrument for cardiac regenerative medicine (317). Vincentelli et al. (374) injected autologous MSCs and bone marrow mononuclear cells into decellularized porcine pulmonary valve scaffolds with subsequent implantation into the pulmonary artery in 14 lambs during cardiopulmonary bypass. Four months post-implantation, MSC-seeded valves had lower mean transvalvular and distal gradients compared with the mononuclear cell-seeded group. Furthermore, while the valves from the MSC group were found to have similar ECM organization to native pulmonary valves, mononuclear cell-seeded valves underwent significant valve thickening and inflammatory cell infiltration (374) . Human myocardial ECM sheets derived from tissue decellularization have been analyzed and deemed to be suitable biologic scaffolds for cell seeding and cell-matrix interaction studies (257) . Using a translational approach, Huang et al. (154) found that fabricated autologous bone marrow-derived MSC sheet fragments, which retained endogenous ECM, preserved cardiac function and attenuated fibrosis LV and remodeling compared with control when transplanted into infarcted porcine hearts. Decellularization of cardiac structures, and even whole hearts, provide organ-specific scaffolds that are involved in cell-ECM communication (127) . As such, preservation of the ECM following decellularization may serve as a major influence in promoting MSC differentiation and tissue valve regeneration.
Decellularized tissue-engineered heart valves have also been used as models to demonstrate the superior recellularization potential of engineered leaflets seeded with human MSCs as well as similar tensile properties and collagen content compared with decellularized native valves (350) . Likewise, Hoerstrup et al. (149) noted that expanded human MSCs seeded onto fabricated polymer-based trileaflet heart valves organized into viable tissue and ECM formation. Collagen types I and III, ASMA, and vimentin were identified in the engineered leaflets, and these valves demonstrated similar morphological and mechanical properties to native valves tissue (149) . Utilizing various growth factors as well can accelerate the recellularization process (157, 338) . Acellular porcine heart valves incubated with platelet gel, a storage vehicle for growth factors, markedly enhances sheep MSC repopulation through sustained release of bFGF and TGF-␤1 rendering them as dynamic, bioactive matrices (338) . The combination of HGF and fibronectin play a major role in sheep MSC adhesion, re-endothelialization, and reconstitution of myofibroblasts in porcine decellularized valve constructs (157) .
Although most cardiac decellurization/recellularization reports are on heart valves, uses for other myocardial tissue types have also been explored (220, 262, 383) . Decellularized porous bovine pericardia that were seeded with BrdUlabeled MSCs and successfully implanted to repair surgically created right ventricular defects in a murine model (383) . Upon retrieval of the implanted patched 4 and 12 wk post-operatively, myocardial and nonmyocardial tissue regeneration was observed in the MSC-patch group but not FIGURE 13. Impact of autologous MSC therapy versus whole bone marrow or placebo in patients with ischemic cardiomyopathy. Panels depict results from the TAC-HFT trial: percent change in scar size as a percentage of left ventricular mass and impact on functional capacity. A: the 14 patients treated with mesenchymal stem cells (MSCs) exhibited a significant reduction in scar size (P ϭ .004) as a percentage of left ventricular mass with no differences for the 15 patients treated with bone marrow cells or the 16 patients in the placebo group. B: short-axis and long-axis views of the basal area of a patient's heart, with delayed tissue enhancement delineated at the septal wall (short-axis) and anterior and inferior walls (long-axis) as well as the entire apex (long-axis). Delayed tissue enhancement corresponds to scarred tissue and is depicted brighter than the nonscarred tissue. The red, green, and white lines demarcate the endocardial, epicardial contours, and borders of the segments, respectively. Twelve months after injection of mesenchymal stem cells, scar mass was reduced from 30.85 g at baseline to 21.17 g (short axis) and delayed tissue enhancement receded in the midinferior and basal anterior walls (long axis). C: patients in the mesenchymal stem cell group exhibited a significant increase in 6-min walk distance when 6-mo and 12-mo time points were compared with baseline in a repeated measures model (P ϭ 0.03). No significant difference was observed for patients in the bone marrow cell group (P ϭ 0. 73) the control-patch group. Importantly, no tissue adhesion, aneurysmal dilation, or thrombus formation was seen in the MSC-patch group, supporting its potential to preserve ventricular wall structures (383) . While whole heart decellularization to construct bioartificial hearts has been described (12) , few reports of recellularization using other types of stem cells (220, 262) have been made, and thus future studies utilizing MSCs are required.
D. Clinical Application of Engineered Heart Tissue
The goal of engineered heart tissue is the ex vivo manufacturing of fully functional, healthy heart tissue that may be used clinically for direct, damaged tissue replacement or drug screening applications (92, 164, 333, 376, 419) . Compared with cell-based therapy, heart tissue engineering bears multiple layers of complexity, since it requires the integration of several factors that should eventually recapitulate the functional, cellular, extracellular, and molecular characteristics of the healthy human heart. Zimmermann et al. (421) observed partial reversal of functional deterioration in rats with experimental MI, following epicardial implantation of thick, multi-loop rings of contractile engineered heart tissue from neonatal rat heart cells. Okano and colleagues (236) and Bursac and colleagues (211) later demonstrated that the functional and structural properties of engineered mouse heart tissue could be significantly improved by combining stem cell-derived cardiomyocytes with noncardiomyocytes. Similarly, Ye et al. (405) showed in a porcine model of MI that transplantation of engineered contractile heart tissue composed of a mixture of human iPSC-derived cardiomyocytes, endothelial cells, and smooth muscle cells is therapeutically superior to using hiPSC cardiomyocytes alone. More recently, Burridge et al. (39) demonstrated that the contractility of engineered human heart tissue from iPSC-derived cardiomyocytes may be significantly improved in the presence of endothelial cells and MSCs. Importantly, transplantation of skeletal myoblast cell sheets received conditional approval in Japan as a clinical treatment for cardiovascular disease (1, 316) , making it the first engineered tissue-based therapeutic modality to receive approval worldwide. 
XIV. CONCLUSIONS AND FUTURE DIRECTIONS
